We present a simple semiconductor process to fabricate nanogap arrays for application in molecular electronics and nano-bio electronics using a combination of freestanding silicon nanowires and angle evaporation. The gap distance is modulated using the height of the silicon dioxide, the width of the Si nanowires, and the evaporation angle. In addition, we fabricate and apply the nanogap arrays in single-electron transistors using DNAlinked Au nanoparticles for the detection of DNA hybridization.
I. Introduction
To characterize the intrinsic properties of molecules and DNA-mediated bio-molecules, which are of great importance to the areas of biology and medicine [1] - [4] , the physical distance of a nanogap has to achieve a comparable size. In addition, if a nanogap device is to be used for DNA sensors and molecular electronics, investigation into the compatibility of the device in modern semiconductor technology as well as the possibility for chip fabrication using conventional semiconductor processes should first be carried out. In previous reports, a variety of techniques for narrow nanogap fabrication have been demonstrated: electron beam lithography [5] , [6] , electromigration [7] , mechanical break junction [8] , sacrificial layer-assisted silicon and gold nanogaps [9] , and surfacecatalyzed chemical deposition [10] . However, except for electron beam lithography and sacrificial layer-assisted nanogaps, all other techniques have several problems in nanogap commercialization because of the complex steps and difficulties in fabricating reproducible nanogaps and their compatibility with other semiconductor circuits and processes. Therefore, new approaches and integration [11] methods for fabricating nanogap arrays need to be developed in order to overcome these problems.
We report on the fabrication of nanogap arrays using wellknown semiconductor processes and the detection of DNA hybridization using Au nanoparticle (NP) mediated DNA linkers. Nanogap arrays with various gap sizes were formed using the angle evaporation of gold and silicon shadow masks fabricated using conventional silicon etching processes. The size of a nanogap is defined by the height of silicon dioxide, the width of the suspended silicon bar, and the evaporation angle.
The number of nanogaps depends on the length of the freestanding silicon nanowires and the pitch between the lines exposed by electron beam lithography. The hybridizations of DNA were monitored by time-dependent trans-conductance through a nanogap. The fabricated device shows a single electron transistor featuring a AU NP as a quantum dot and hybridized DNA as a tunneling barrier due to its high resistance.
II. Methods and Materials
Fabrication of Nanogap Arrays
Nanogap arrays were fabricated using freestanding silicon nanowires as shadow masks and a subsequent angle evaporation of gold. To form a 3-dimensional freestanding silicon nanowire, we adopted selective Si etching and isotropic silicon dioxide etching. Dry etching of the top silicon layer to define the nanowire patterns was performed using the etch mask of an e-beam resist, and a buffered HF solution was used to achieve the freestanding nanowires by the etching of silicon dioxide. Figure 1 shows the sequential process of the nanogap formation: (a) A negative SAL-601 e-beam resist was spun at a speed of 4000 rpm for 30 seconds on a silicon-on-insulator (SOI) chip (n-type, (100)), and the chip was baked for 1 minute at 105°C. (b) Electron beams were exposed onto the SAL-601 using predesigned patterns, and the exposed devices were developed for 2 minutes 30 seconds and baked at 115°C for 1 minute using a SAL-601 developer. (c) The top silicon was etched using inductive coupled plasma (ICP) for 180 seconds with mixed reactive gases of Cl 2 and CF 4 . The exposed area sustained its structure because of the protective layer of SAL-601. (d) The SAL-601 e-beam resist was removed using a normal cleaning process and sequentially dipping the chip in acetone, methanol, and SPM (sulfuric acid/hydrogen peroxide aqueous solution). (e) The bottom silicon dioxide layer was etched using a buffered oxide etcher (6:1) for 2 minutes. The silicon dioxide under the patterned Si nanowire was etched isotropically; thus, the etched Si nanowire appears as a freestanding structure. In this case, there is an SiO 2 hump beneath the silicon nanowire resulted from isotropic etching. The effect of the SiO 2 hump, however, is negligible because the height of the metal electrodes is nearly the same as the height of the hump. (f) Normal e-beam lithography was conducted to define the nanopatterns onto a poly-methylmethacrylate (PMMA) positive e-beam resist. (a) (e)
Au/Ti (g) After over-developing the PMMA for 90 seconds to develop the bottom region of silicon nanowires, a Au/Ti (10 nm/5 nm) electrode (where Ti is an adhesion layer between Au and SiO 2 and Au is a substrate to thiolterminated (-SH) DNAs) was evaporated subsequently at resolved angles. (h) A lift-off process using acetone dipping for 2 hours followed. We set the silicon nanowire to be 100 nm wide, and the distance between the silicon nanowire and the silicon dioxide to be 180 nm. To fabricate 10 nm gold metal gaps, we first evaporated a metal adhesion layer of titanium perpendicular to Au/Ti electrode the silicon plane and at an evaporation angle of 0°, followed by evaporation of the titanium again at an angle (θ ∼ φ) of 14°.
The gold evaporation followed using the same steps. In order to achieve a good precision of an evaporation angle, we used a rotation controller equipped with a stopper and gears. As a result of the isotropic silicon dioxide etching and angle evaporations, a freestanding single silicon nanowire and resulting nanogap were achieved as shown in Figs. 2(b) and (c), which are scanning electron microscopy (SEM) images. The estimated dimension of the nanowire in the SEM images is 1 μm long, 100 nm high, and 100 nm wide. The height of the silicon dioxide beneath the silicon crystal is 180 nm measured using a profilometer and an atomic force microscope.
To fabricate the metal nanogap arrays, we exposed electron beams with multiplexed lithography on the PMMA e-beam resist, followed by metal evaporation and a lift-off process. Figure 3 shows SEM images of the fabricated nanogap arrays and the resulting metal gaps narrower than 10 nm between the Au electrodes. When the evaporation angle is higher than 14°, the gap goes to zero (d ~ 0 nm). The pitch between the electrodes is 250 nm and the width of the metal is lower than 100 nm. In addition, to obtain a replica nanogap array in an SOI chip, we aligned the chip parallel to a rotational axis using global marks on the chip and the axis of a sample mounter.
Modifications of DNA
To test the viability of applying the proposed nanogap arrays in biosensors, we used the fabricated nanogap devices for the detection of DNA hybridization between capture DNA on the Au electrodes and probe DNA conjugated with a gold NP. The gold (Au) NPs were prepared by citrate reduction of HAuCl 4 ⋅3H 2 O [12] and then modified with probe DNA (5'-TCT CAA CTC GTA-SH-3') by adding the DNA into 10 mL of aqueous NP solution (particle concentration of approximately 12 nM). The solution was then brought into a 0.1 M NaCl and 10 mM phosphate buffer (pH 7) solution, and allowed to age in this condition for an additional 20 hours. Excess reagent was removed by centrifugation for 30 minutes at 14,000 rpm. The red oily precipitate was washed twice with a 0.3 M NaCl and 10 mM phosphate buffer (pH 7) solution. After repeated purification processes, the DNA-modified NPs were finally dispersed in the 0.3 M NaCl and 10 mM phosphate buffer (pH 7) solution.
Immobilization of probe DNA-modified Au NPs into the nanogaps between electrodes was conducted as follows. First, the nanogap electrodes were coated with capture DNA by immersing the device in a solution of 5 μM capture DNA (5'-HS-CGC ATT CAG GAT-3'), 1 M NaCl, and 10 mM phosphate buffer at 50°C for 16 hours. Then, the electrodes were rinsed several times with a buffer solution containing 0.025% sodium dodecyl sulfate (SDS) in distilled water. Next, to hybridize the linker DNA (5'-TAC-GAG-TTG-AGA-ATC-CTG-AAT-GCG-3') with the capture DNA, the capture DNAcoated electrodes were immersed in 10 nM of linker DNA in a 0.3 M NaCl and 10 mM phosphate buffer (pH 7) sample solution with 0.025% SDS at 18°C for 5 hours. After the exposure to the linker DNA solution, 10 μL of a solution containing 12 nM probe DNA-modified Au NPs was dropped onto the nanogap device, and the current was then measured as a function of time between source and drain. After electrical measurement of the immobilization process of the DNAmodified gold NPs between nanogaps shown in the inset of Fig.  4(b) , the electrodes were rinsed with 0.025% SDS, 0.3 M NaCl, and 10 mM phosphate buffer solution. Finally, they were rinsed with a 0.3 M volatile ammonium acetate buffer solution to remove residual salts and nonspecifically bound Au NPs.
Detection of DNA Hybridization
The electrical detection of DNA hybridization was performed using the current deviations as a function of time caused by the hybridization. After DNA hybridization, the open metal electrodes are electrically linked by the Au NP conjugated with target DNA, and the conductance can be expected to be increased by the quantum island of the Au NP. The change of the conductance behavior via the applied source-drain voltage, as shown in the inset of Fig. 4(a) , can be used as a sensing scheme for bio-molecular detection [13] . The time-dependent current change between source and drain caused by DNA hybridization was monitored with a fixed voltage of 50 mV. The current increases abruptly at t = 20 s and is then saturated. While the device configured with the source and drain electrodes of Au metal and dielectric material of liquid solution without DNA hybridization, the reference E g current maintains a flattened zero level since the conducting occurs only via tunneling through the liquid medium. However, with DNA hybridization, the tunneling conductance is enhanced by the gold island between source and drain and results in an abrupt current increase as shown in the inset of Fig. 4(a) .
Electrical Properties of DNA Linked Gold Nanoparticles
By reducing the size of a Au NP, the continuum energy state becomes discrete due to quantum confinement, and a device composed of a Au NP and hybridized DNA can be regarded as a single electron transistor [14] featuring the Au NP as a quantum dot and the DNA as a dielectric medium. Figure 4(a) shows the I-V characteristics for the Au NP quantum dot conjugated with DNA at three different temperatures, 4.2 K, 80 K, and 300 K. As the temperature decreases, the transconductance decreases and a Coulomb gap appears. In the differential conductance curve obtained from the I-V characteristics at T = 4.2 K shown in Fig. 4 (b) , conductance peaks appear which are related to the discrete energy states in the Au NP caused by quantum confinement.
The size of a Au NP quantum dot can also be estimated using the energy-level spacing in a three-dimensional sphere resulting from the quantum confinement as
where ΔE is the energy-level spacing due to the quantum confinement, Ω is the atomic volume for gold (1.69× 10 -29 m 3 ), is the Planck constant (divided by 2π), m * is the electron effective mass (m * ≈ 0.08m, m is the free electron mass) [15] , and L is the diameter of the Au quantum dot. The estimated quantum dot size of the Au NP, using the level spacing 2ΔE = 0.14 eV as shown in Fig. 4 (b) , is 12.5 nm, which is nearly the same as the size of the Au NP (13 nm).
III. Conclusion
In summary, we have developed a technique for the fabrication of nanogap arrays for application in nano-bio sensors and mesoscopic electronic devices. By the assistance of a freestanding silicon nanowire and angle evaporation, sub-10 nm nanogaps were achieved. To verify the practical viability of the nanogap array, we applied the fabricated nanogap devices to DNA-mediated single-charge tunneling devices, where the size of the gold quantum dot calculated from the energy level spacing was well matched with the size of the gold NP as synthesized. This new technique using easy replica nanogap fabrication and semiconductor processes can be applied in molecular electronic devices. 
